The amino-terminal sequence and composition of the subunits of the hemagglutinin (HA) of influenza virus has been determined. The hemagglutinin has been isolated by two techniques, (1) as the intact hemagglutinin after disruption of the virus in sodium dodecyl sulfate, giving 2 subunits of 58,000 daltons (HAI) and 26,000 daltons (HA2), and (2) after treatment of the virus with bromelain, giving 2 subunits of 58,000 daltons (BHA1) and 21,000 daltons (BHA2). In both preparations these subunits are linked by disulfide bonds. The aminoterminal sequences of HAI and BHA1, and HA2 and BHA2 are the same. The composition of the 50 residue peptide associated with the membrane, which is removed from the C-terminus of HA2 by bromelain, is deduced and shown to be hydrophobic and contain 50% of the serine residues of HA2.
HA1-HA2-COOH. The amino-terminal sequence of BHA2-at the cleavage site of the precursor is shown to be a palindrome:
NH2-Gly-Leu-Phe-Gly-Ala-Ile-Ala-Gly-Phe-Ile-.
This sequence is conserved in representative viruses from each of the major pandemics. A region of homologous sequence is described between the hemagglutinins of influenza type A and B viruses.
The lipoprotein envelope of the influenza virion contains two virus-specified glycoproteins, a hemagglutinin and a neuraminidase. The former, which is the subject of this report, is responsible for the initial interaction between virus and cell during infection and it is the component of the virus against which neutralizing antibodies are directed. Because of these characteristics and since analyses of the properties of lipidassociated virus glycoproteins may be of value in elucidating the contribution of glycoproteins in general to membrane structure, studies of the amino-acid sequence of the hemagglutinin have been initiated.
The hemagglutinin is the major component of the virus envelope and accounts for approximately 30% of the total virus protein (1, 2) . It is a rod-shaped molecule with an apparently triangular cross section, has a molecular weight of about 210,000, and is made up of two types of glycosylated subunits of apparent molecular weights 58,000 and 26,000 which are linked together in the molecule by disulfide bonds (3, 4) . Analyses of protein synthesis in virus-infected cells have indicated that the two subunits are formed during virus assembly at the plasma membrane of the infected cell as the result of proteolytic cleavage of a glycosylated precursor polypeptide of molecular weight approximately 80,000 (5) (6) (7) (8) .
In this communication the amino-acid compositions and amino-terminal amino-acid sequences of the subunits and their biosynthetic precursor are reported. The results allow definition of both the site of cleavage of the precursor and the sequence of biosynthesis of the subunits. They also suggest that the carboxyl terminus of the smaller subunit is associated with the virus membrane and show that regions of sequence homology are present in the hemagglutinins of both type A and type B influenza viruses.
METHODS
Virus Strains. All viruses were grown in the allantonic cavity of 10-day-old embryonated eggs. Inocula for AO/Bel/ 42, A2/Singapore/57, X-31, MRC-11, and B/Lee were obtained from the World Influenza Centre, London and for Al/ Weiss/57 from Dr. W. Dowdle, Communicable Disease Center, Atlanta. Viruses were concentrated and purified as described previously (3) .
Hemagglutinin Isolation.
(1) Following disruption of purified virus particles in 2% (w/v) sodium dodecyl sulfate at 200, the dissociated proteins were separated by electrophoresis on cellulose acetate as described by Laver (9) except that Celogel (Chemetron, Milan) was used as supporting medium.
(2) Purified virus particles were incubated with stem bromelain (Sigma; EC 3.4.22.4) and the released hemagglutinin was purified by sucrose density gradient centrifugation as described previously (10) .
Separation of the Hemagglutinin Subunits.
(1) The two subunits of the hemagglutinin isolated by electrophoresis of the dissociated virus proteins on cellulose acetate were separated and purified in guanidine hydrochloride gradients as described by Laver (4).
(2) The two subunits of the bromelain-released hemagglutinin were reduced with 10 mM dithiothreitol in 6 20' and then washed twice, overlayed with 10 ml of Geys balanced salt solution, and incubated at 370 for 14 hr. The infected cells were then suspended in hypotonic buffer (10 mM Tris-HCl, 1 mM MgCl2, pH 7.5) and homogenized as described previously (8) . Nuclei were removed by centrifugation (1000 X g, 5 min) (13) . Phenylthiohydantoin derivatives were identified by gas chromatography (14) and, following back hydrolysis with hydroiodic acid (15) , as amino acids on the Durrum amino-acid analyzer.
RESULTS
The Amino-Acid Composition and Amino-Terminal Sequences of the Glycopolypeptide Subunits. Two different procedures described in the previous section were used to isolate the hemagglutinin from purified virus particles of the strain AO/Bel/42. The first takes advantage of the peculiar electrophoretic mobility of the hemagglutinin of several influenza viruses on a cellulose acetate support in buffers containing sodium dodecyl sulfate (9) . The protein isolated in this way (HA) is antigenically active, retains the ability to agglutinate chicken erythrocytes, and consists of two glycopolypeptide subunits of molecular weights 58,000 (HAl) and 26,000 (HA2) (Fig. 3) . From such preparations of hemagglutinin, HAl and HA2 subunits were separated following dissociation in guanidine hydrochloride (4) .
The second hemagglutinin purification procedure involves digestion of purified virus particles with the protease bromelain. As reported previously (10) such preparations of the protein are antigenically active but do not aggregate and probably as a consequence do not agglutinate chicken erythrocytes. The protein purified by this procedure (BHA) consists of two types of subunit of molecular weights 58,000 (BHAl) and 21,-000 (BHA2). These two subunits were separated by gel filtration in urea solutions (Fig. 1) .
The results of amino-acid analyses and amino-terminal sequence analyses of these four subunits, HAl, HA2, BHA1, and BHA2 are shown in Tables 1 and 2 5 10 Gly-Leu-Phe-Gly-Ala-Ile-Ala-Gly-Phe-Ile -Glx-Gly-Gly Gly-Leu-Phe-Gly-Ala-Ile-Ala-Gly-Phe-Ile -Glx-Gly-Gly Gly-Leu-Phe-Gly-Ala-Ile-Ala-Gly-Phe-Ile -Glx-Gly Gly-Leu-Phe-Gly-Ala-Ile-Ala-Gly-Phe-Ile -Gly-Asx Gly-LeuL-Phe-Gly-Ala-Ile-Ala-Gly-Phe-Ile -Glx-Asx-Gly Gly-Phe-Phe-Gly-Ala-Ile-Ala-Gly-Phe-Leu-Glx-Gly-Gly concerning the structure and biosynthesis of the molecule, which are summarized in Fig. 3 . It has been suggested previously from the results of pulse-chase experiments in influenza virus-infected cells that the two hemagglutinin glycopolypeptide subunits, HAl and HA2, are derived from a single glycosylated precursor as a result of proteolytic cleavage(s) (5-8). The present results, which indicate the identity of the amino-terminal sequences of the putative precursor and HA1, support this conclusion. They also indicate the sequential synthesis of the HAl and HA2 regions of the precursor and imply that the amino terminus of HA2 is derived as a result of limited proteolysis.
The apparent molecular weights of the hemagglutinin subunits generated by this proteolytic cleavage vary from strain to strain of influenza virus. In some cases this variation is quite extensive-for example compare A0/Bel/42 and A2/ Singapore/57 hemagglutinins in Fig. 4 . However, the sequence analyses shown in Table 2 indicate that the amino-acid sequence at the cleavage site-the amino terminus of BHA2-does not vary from strain to strain and varies only slightly from type A to type B viruses. These findings suggest, therefore, that the observed differences in the molecular weights of the subunits of different strains are probably due to variation in their carbohydrate compositions and not to variation in the position of cleavage of the precursor molecules (17) .
The sequence at the amino terminus of BHA2 shows two additional features of interest. (1) The first 10 residues are all uncharged and apart from the glycine residues are hydrophobic and (2) the sequence forms a pseudo-palindrome of seven residues centered on the isoleucine residue at position 6. This structure can be extended to nine residues if the conservative substitution of leucine for isoleucine at positions 2 and 10 is included. In the influenza B type virus BHA2 has two conservative amino-acid substitutions at positions 2 (phenylalanine for leucine) and position 10 (isoleucine for leucine).
The structural significance of palindromes in proteins is not clear, although the importance of palindromes as structural features of nucleic acids is currently being established (18, 19 The hemagglutinin subunits are indicated as HA1 and HA2.
(1) The HA of AO/Bel/42 (Ho NI). ( 2) The HA of A2/Singapore/ 57 (H2N2). The nomenclature in parentheses is that proposed by the World Health Organization (21) , for classification of these virusus.
It is possible in this case that this amino-acid sequence represents a specific recognition sequence for the enzyme that cleaves the precursor to generate the two subunits. It is also possible to construct a palindromic nucleic-acid sequence, which could code for the amino-acid palindrome.
Comparison of the Amino-Acid Sequences of the Hemagglutinins from Different Strains of Influenza. It is clear from the data presented in Table 2 that a high degree of sequence homology between the BHA2 subunits of the different A type viruses exists at the amino terminus. Similarly, conservation of sequence in this region is also seen between type A and type B virus hemagglutinins, in which the sequences of the first 20 residues of the BHA2 subunits are clearly homologous (unpublished).
In addition, inspection of the BHA1 amino-terminal sequences of the three type A viruses also reveals a high degree of homology (Table 2 ) with differences at positions 1 and 2.
The extent of sequence variations between strains will only be revealed by further sequence analysis.
Release of the Hemagglutinin from Virus Particles by Bromelain. Bromelain treatment of influenza viruses releases the protein BHA, which is made up of two subunits with molecular weights 58,000 (BHAl) and 21,000 (BHA2). The aminoterminal sequences of these subunits are identical to those of the corresponding subunits of the hemagglutinin isolated by detergent disruption of the virus-HAl and HA2. In addition the amino-acid compositions of HAl and BHA1 are almost identical, while HA2 and BHA2 show clear differences. This suggests that bromelain removes a carboxyl terminal peptide from the HA2 subunit and that this peptide is associated with the lipid membrane of the virus. The amino-acid composition of this peptide can be deduced from the differences in composition between the HA2 and BHA2 subunits and is shown in Table 1 . Because of its association with the membrane lipid this "tail" peptide might be expected to be largely composed of hydrophobic amino acids. The results indicate that of the 50 residues, 14 may be charged, and 21 of the remainder can be regarded as hydrophobic (20) . It is particularly striking that half of the serine residues of the HA2 subunit are located in the tail peptide.
The carboxyl terminus of BHA2 was found by carboxypeptidase digestion to be lysine. The 
